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Available online 26 September 2016A precise and accurate method for enumeration of low level of Listeria monocytogenes in foods is critical to a va-
riety of studies. In this study, paired comparison ofmost probable number (MPN) and direct plating enumeration
of L. monocytogeneswas conducted on a total of 1730 outbreak-associated ice cream samples that were naturally
contaminated with low level of L. monocytogenes. MPN was performed on all 1730 samples. Direct plating was
performed on all samples using the RAPID'L.mono (RLM) agar (1600 samples) and agar Listeria Ottaviani and
Agosti (ALOA; 130 samples). Probabilistic analysis with Bayesian inference model was used to compare paired
direct plating and MPN estimates of L. monocytogenes in ice cream samples because assumptions implicit in or-
dinary least squares (OLS) linear regression analyses were notmet for such a comparison. The probabilistic anal-
ysis revealed good agreement between the MPN and direct plating estimates, and this agreement showed that
the MPN schemes and direct plating schemes using ALOA or RLM evaluated in the present study were suitable
for enumerating low levels of L. monocytogenes in these ice cream samples. The statistical analysis further re-
vealed that OLS linear regression analyses of direct plating andMPN data did introduce bias that incorrectly char-
acterized systematic differences between estimates from the two methods.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Listeria monocytogenes has been involved in numerous foodborne
outbreaks linked to a variety of contaminated food commodities
(Cartwright et al., 2013). In the United States (U.S.), several major liste-
riosis outbreaks linked to stone fruit (Chen et al., 2016b; Jackson et al.,
2015), caramel apple (CDC, 2015b), ice cream (CDC, 2015a), cantaloupe
(McCollum et al., 2013) and cheese (CDC, 2014) have been reported in
recent years. In the European Union (EU), the number of reported cases
of human listeriosis increased substantially during the period of 2008–
2012 (EFSA, 2014). Reliable quantitation of L. monocytogenes in artiﬁ-
cially inoculated or naturally contaminated foods is critical to obtain
highly reliable research data to address various issues related to.
ss article under the CC BY-NC-ND licpredictivemicrobiology, epidemiology, risk assessment, regulatory test-
ing, etc. (Auvolat and Besse, 2016). Most probable number (MPN) and
direct plating are the primary methods for the enumeration of
foodborne bacterial pathogens. There are advantages and disadvantages
for each method. The sensitivity of direct plating is limited to the
spreadable volume on each plate. Colony counting can be challenging
if high levels of interfering background ﬂora grow on the agar plates
(Buchanan et al., 1989). The accuracy can be compromised if some of
the viable, but stressed cells fail to develop colonies on selective agars
(Lavieri et al., 2014). In contrast, MPN can detect much lower levels of
bacteria and the enrichment schemes employed by MPN can help re-
duce the level of background (Capita and Alonso-Calleja, 2003). Howev-
er, MPN is more labor intensive and time consuming, especially when
narrow conﬁdence intervals are desired, although the use of 96-well
plates (Macarisin et al., 2013) allows the increase of the number of
tubeswithout signiﬁcant amount of additional labor and time.MPNper-
formance depends on the ability of its enrichment scheme to recover
stressed cells and inhibit competing ﬂora. In some occasions, theense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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monocytogenes during enrichment, which resulted in underestimation
by MPN (Besse et al., 2010). MPN could also underestimate the true
levels when bacterial cell clumping occurs in food commodities
(Auvolat and Besse, 2016; Jongenburger et al., 2011).
The standard method for the enumeration of L. monocytogenes de-
scribed in EN ISO 11290–2 had a theoretical lower limit of detection
(LOD) of 10–100 CFU/g or ml when analyzing 1:10 diluted foods
(Auvolat and Besse, 2016). The uncertainty of measurement of this
method is high when enumerating L. monocytogenes near the lower
LOD (Auvolat and Besse, 2016; Baudouin et al., 2010; ISO, 2013;
Loncarevic et al., 2008). The L. monocytogenes chapter of Bacteriological
Analytical Manual (BAM) by U.S. Food and Drug Administration (FDA)
recommends a combination of MPN and direct plating for L.
monocytogenes enumeration in foods; and for MPN, FDA allows the in-
crease in the number of dilution tubes in situations that would require
narrow conﬁdence intervals (Hitchins et al., 2016). Lack of precision in
the quantitative assessment of low levels of bacterial cells could com-
promise the reliability of subsequent statistical analysis (Duffy et al.,
1994). Therefore, in order to obtain precise enumeration data for low
levels of bacteria, the number of MPN tubes or agar plates and the num-
ber of sample replicates need to be increased.
Due to the above mentioned technical limitations associated with
enumerating low levels of bacteria, the studies on the growth kinetics
of L. monocytogenes in artiﬁcially inoculated food commodities often
used 102 to 104 CFU/g or higher levels of inoculum (Huang et al.,
2015; Luo et al., 2015; Panagou and Nychas, 2008; Schvartzman et al.,
2014; Xanthiakos et al., 2006). However, these inoculum levels do not
reﬂect the low levels of L. monocytogenes often times sparsely distribut-
ed in food (EFSA, 2012). Several studies have found that the lag phase
durations during recovery and growth of foodborne pathogens were
longer when the initial levels of inoculum were lower (Augustin et al.,
2000; Baranyi, 1998; Gay et al., 1996). For example, Chen et al.
(2016a) demonstrated that the average lag phase duration associated
with L. monocytogenes growth in milkshakes containing ≤3 CFU/g of L.
monocytogeneswas longer (P b 0.01) than that inmilkshakes containing
N3 CFU/g of cells. Currently, European Community Regulation 2073/
2005 onmicrobiological criteria for food stuffs establishes a quantitative
threshold of 100 CFU/g for L. monocytogenes in certain categories of
ready-to-eat food products and manufacturers must demonstrate that
L. monocytogenes does not exceed 100 CFU/g in their product through-
out the shelf-life (European Commission, 2005). As a result, challenge
tests, recovery and growth studies under realistic conditions are pre-
ferred and low levels of initial experimental contamination are desired
(Auvolat and Besse, 2016). This requires the development and valida-
tion of the methods for precise quantitation of low levels of L.
monocytogenes in foods.
The accuracy of a direct plating scheme depends on the agar's selec-
tivity for target bacteria as well as its efﬁciency in recovering stressed
cells. Jantzen et al. (2006) demonstrated that Listeria Ottaviani and
Agosti (ALOA) agar recovered most of the injured L. monocytogenes in
artiﬁcially inoculated ground chicken exposed to high pressure treat-
ment, because samples initially containing injured L. monocytogenes
yielded similar plate counts on ALOA before and after a resuscitation
step. Many studies evaluated the efﬁciency of an agar to recover
stressed cells by comparing direct plating counts on selective agars
and non-selective agars of pure culture of L. monocytogenes or L.
monocytogenes artiﬁcially inoculated in foods, exposed or not exposed
to sublethal treatment (Back et al., 2012; Lachica, 1990; Lavieri et al.,
2014; Lin et al., 2006; Yan et al., 2006). However, this approach may
not work well with foods containing competing ﬂora that can interfere
with plate counting on non-selective agars (Lin et al., 2006). Compari-
son of selective agars for direct plating enumeration of L. monocytogenes
was performedwith artiﬁcially inoculated foods in a few studies, but di-
rect plating using selective agars was not compared to MPN or direct
plating using non-selective agars, and thus, the efﬁciency of selectiveagars in recovering stressed cells was not fully evaluated (Beumer and
Hazeleger, 2007; Loncarevic et al., 2008). Thus, quantitative comparison
betweenMPN and direct plating using naturally contaminated samples
that contain background ﬂora and target bacteria in realistic physiolog-
ical status could provide an excellent evaluation of the selective agar for
the purpose of direct plating enumeration.
Comparative evaluation of MPN and direct plating has been per-
formed for L. monocytogenes. Several factors, such as the levels of con-
tamination, the presence of background ﬂora and the physiological
status of Listeria cells, could affect the performance of enumeration
methods (Jasson et al., 2010). However, comparison using paired data
of MPN and direct plating obtained from sufﬁcient number of samples
naturally contaminated with low levels (e.g., ≤100 CFU/g) of L.
monocytogenes has rarely been reported. Several studies analyzed
paired data from food samples that were artiﬁcially inoculated with
high levels of L. monocytogenes (e.g., N100 log CFU/g) (Martin et al.,
2004; Yu and Fung, 1993) and revealed a general agreement between
MPN and direct plating. Other studies investigated naturally contami-
nated samples; however, either the analyses were not focused on low
levels of L. monocytogenes; the direct plating schemes could not enu-
merate very low levels of cells; or direct plating agars did not allow
clear distinction of L. monocytogenes from background ﬂora, and thus
not sufﬁcient number of paired data of low levels of bacteria were ob-
tained (Buchanan et al., 1989; Capita and Alonso-Calleja, 2003; Martin
et al., 2004; Yu and Fung, 1993). Many comparative evaluations of
MPN and direct plating for other bacteria had similar study designs,
which combined data points from a wide range of cell levels (e.g., 2
log CFU/g to 7 log CFU/g) (Berry and Wells, 2008; Chenu et al., 2013;
Gooch et al., 2001; Line et al., 2001; Line et al., 2011; Stephens et al.,
2007). MPN and direct plating data of low levels of Cronobacter in natu-
rally contaminated infant formula were reported (Jongenburger et al.,
2011). We found that MPN and direct plating in that report produced
comparable results because for samples determined to be negative by
direct plating (below LOD), MPN values were also less than LOD of di-
rect plating.
In addition to the inefﬁcientmicrobiological methods employed and
a small number of paired data points collected for low levels of bacteria,
statistical comparison of MPN and direct plating estimates of low level
of contamination may be inaccurate if the statistical method is not ap-
propriately chosen (GroneWold and Wolpert, 2008). Ordinary least
squares (OLS) linear regression has certain underlying assumptions.
The independent variable x should be ﬁxed values (i.e. non-random)
(Matthews, 2005; Weisberg, 2005), and thus, OLS is suitable to study
the correlation between MPN/direct plating estimates and ﬁxed levels
of bacteria artiﬁcially inoculated in food samples (Berry and Wells,
2008); it could introduce bias for studying correlation between MPN
and direct plating estimates for naturally contaminated samples be-
cause both estimates are known with uncertainty. Linear regression
and comparison of means using analysis of variance have been com-
monly used and showed a general agreement between MPN and direct
plating when analyzing a wide range of cell levels (e.g., 2 log CFU/g to 7
log CFU/g) (Berry and Wells, 2008; Chenu et al., 2013; Gooch et al.,
2001; Line et al., 2001; Line et al., 2011; Martin et al., 2004; Stephens
et al., 2007; Yu and Fung, 1993). However, poor correlation between
MPN and direct platingwas reported for a set of naturally contaminated
samples (Berry and Wells, 2008), and poor agreement between MPN
and direct plating was observed when data points of only low levels of
(≤100 CFU/g) bacteria were analyzed (Stephens et al., 2007). Direct
plating and MPN estimates are both discrete, rather than continuous,
values, which impair their use as a dependent variable in anOLSmethod
(GroneWold andWolpert, 2008). Additionally, the hypothesis of homo-
scedasticity (i.e. homogeneity of variance around the regression line)
for MPN and direct plating would be invalid on the arithmetic scale. A
log transformation is typically used to stabilize the variance (Cochran,
1950; Dalgaard et al., 1994). However, the presence of a large number
of zeroes from the direct plating estimates (leading to non-ﬁnite log)
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random censorship) could bias the regression results because it would
preferentially remove results that were low in direct plating.
Gronewold and Wolpert (2008) thus proposed a probabilistic method
for the improvedmodeling of the correlation betweenMPN and plating,
and demonstrated that the often large observed differences between
MPN and direct plating estimates for the same samples were within
the ranges predicted by the probabilistic model.
In 2015, a listeriosis outbreak in the United States was linked to the
consumption of milkshakes prepared from contaminated ice cream
scoops manufactured on a production line (CDC, 2015a). We subse-
quently obtained individually packaged ice cream portions (scoops)
produced on that production line between November 2014 and March
2015. These naturally contaminated samples provided an opportunity
to 1) conduct a rigorous comparison of MPN and direct plating data
from samples naturally contaminated with low levels of L.
monocytogenes, and 2) evaluate appropriate statistical methods for
comparing paired enumeration data collected from these samples.
2. Materials and methods
2.1. Ice cream samples and microbiological methods
A total of 1730 ice cream samples from seven lots were analyzed.
These ice cream products were manufactured on the production line
implicated as the source of a recent listeriosis outbreak (CDC, 2015a).
The seven lots were produced in November 2014, December 2014, Jan-
uary 2015 and March 2015. Each lot represented a day of production.
Frozen ice cream samples were allowed to melt at room temperature
and thoroughly homogenized; and each individual sample was enu-
merated by both MPN and direct plating, resulting in 1730 paired data
points. Without knowing the range of L. monocytogenes levels in these
samples during the initial enumeration, we tried four different MPN
schemes (I, 3 tubes × 10 g ice cream, 3 × 1 g, 3 × 0.1 g; II, 3 × 10 g,
16 × 1 g, 3 × 0.1 g; III, 3 × 10 g, 5 × 1 g, 5 × 0.1 g; and IV, 3 × 10 g,
5 × 1 g, 5 × 0.1 g, 5 × 0.01 g) for 190 samples. This led to the develop-
ment of the ﬁnal MPN scheme (3 × 10 g, 5 × 1 g, 8 × 0.1 g,
8 × 0.01 g), designated as the 3-5-8-8 scheme, with a LOD of 0.03
MPN/g. This scheme was best suited for the levels of L. monocytogenes
in these samples and provided a balance between labor intensity and
conﬁdence interval. This 3-5-8-8 scheme was used for the remaining
1540 samples. MPN sample dilution, enrichment and calculation were
performed according to Chapter 10 of FDA BAM (Hitchins et al., 2016)
and conﬁdence intervals were derived from the method from Fisher
(1921) as reported by Hurley and Roscoe (1983). An additional portion
of each sample was directly plated on ALOA (Cat. No. AEB150072,
bioMerieux-USA, St Louis, MO) or Rapid' L. mono (RLM) (Cat. No.
3564293, Bio-Rad Laboratories, Hercules, CA). Preliminary testing of
some ice cream samples on ALOA agar revealed blue background ﬂora
colonies without halo, and thus, accurate counting required careful vi-
sual examination for the presence of a halo, which was difﬁcult due to
the presence of the fat content in these samples. Therefore, RLM agar,
which does not rely on white halo for the identiﬁcation of L.
monocytogenes, was chosen for direct plating enumeration of themajor-
ity of the samples. During the initial testing of 50 samples, ice cream
(density, 0.9 g/ml) samples were ﬁrst diluted with equal weight of
Bufferﬁeld's Phosphate Buffer (BPB), and 200 μl of diluted ice cream
was plated onto ten RLM plates (0.95 g of ice cream total, LOD, 1.1
CFU/g) for 10 samples and onto sixteen RLM plates (1.52 g of ice
cream total, LOD, 0.66 CFU/g) for 40 samples. Recognizing low levels
of contamination, undiluted ice cream was plated directly onto RLM
for the remaining samples, as follows: 400 μl of ice cream was plated
onto four RLM plates (1.44 g total) for 185 samples (LOD, 0.7 CFU/g);
200 μl was plated onto ﬁve RLM plates (0.9 g total) for 85 samples
(LOD, 1.1 CFU/g), and 400 μl was plated onto two RLM plates (0.72 g
total) for 1280 samples (LOD, 1.4 CFU/g). We also enumerated 130samples using ALOA agar due to a temporary manufacturer backorder
of RLM agar in the course of the study. For this, 400 μl of undiluted ice
cream was plated onto two ALOA agar plates (0.72 g total, LOD, 1.4
CFU/g). The platingwas performed by easySpiral® automatic spiral plat-
er (Interscience, Inc., France) set to constant volume plating. Plateswere
left to dry before incubation. For direct plating, conﬁdence intervals
were derived from the exact 95% conﬁdence interval for a Poisson distri-
bution. A subset of representative colonies fromMPN and direct plating
were conﬁrmed according to Chapter 10 of FDA BAM (Hitchins et al.,
2016).
2.2. Statistical analytical methods
As stated in the introduction, OLS methods could introduce bias
when comparing MPN and direct plating data because the underlying
assumptions regarding value certainty and continuity are not met. In
order to illustrate this bias, we applied an OLS method to the data and
compared it with an appropriate probabilistic method. A linear regres-
sion of the logarithm of the MPN results (M, in MPN/g) and the loga-
rithm of the direct plating results (C, in CFU/g) was tested, i.e.
log10(C) = α+ β log10(M) + ε with ε as the error variable (Weisberg,
2005).
We then adapted a probabilistic method from GroneWold and
Wolpert (2008) to evaluate the agreement between direct plating and
MPN. The direct plating process could be considered as a random sam-
pling from a Poisson(vj × c1j) distribution where c1j was the (latent)
concentration of bacteria in sample j and vj was the volume of product
plated. The dilution assay process, from which the MPN was evaluated,
could be considered as a random sampling from a binomial(nij, 1− exp
(−vij c2j)) distribution, where nij and vij were the number of tubes and
the volume, respectively, at each dilution i for sample j, and c2j was
the (latent) concentration of bacteria in sample j. The direct plating
and the MPN results would be considered in agreement if the concen-
trations evaluated through direct plating c1 and the concentrations eval-
uated through MPN c2 were in agreement. Using this theoretical
probabilistic model, we compared the direct plating and MPN results
by evaluating the probability to observe the number of colonies in direct
plating, given the observed MPN outcome. If this probability was lower
than 0.025 (overall α= 5% for this bilateral test), the result of direct
plating was deemed higher than expected (when the direct plating re-
sult was higher than theMPN) or lower than expected (when the direct
plating result was lower than the MPN). We ﬁnally developed a
Bayesian model (model #1) to evaluate the relationship
log10 c1ð Þ ¼ a0  log10 c2ð Þ þ b0
between c1 and c2 where a0 and b0 are parameters. In this framework,
we also tested if the type of direct plating method (ALOA or RLM) was
signiﬁcant or not, by comparing model #1 to a model #2
log10 c1ð Þ ¼ a0 þ a1  ALOAð Þ  log10 c2ð Þ þ b0 þ b1  ALOAð Þ
where ALOA is an indicator variable with value 1 if the results was ob-
tained using an ALOA method and 0 if it was a RLM method and a1
and b1 are parameters. See the appendix for additional details on the
methods.
3. Results
Out of the 1730 samples analyzed by both the MPN and direct plat-
ing, 301 yielded no colonies by direct plating (below LOD) and, among
those, nine were also negative in any MPN tubes. Seven samples were
at the maximum of the MPN schemes (all MPN tubes positive); one of
these samples was enumerated by the 3-5-8-8 scheme (the six others
being observed with the Schemes I to IV). There were no samples that
were positive by direct plating and negative by MPN.
Fig. 1. Outcomes (open circle) and conﬁdence intervals (dashed vertical bars) for the direct plating (left) and the MPN (right) estimates of L. monocytogenes levels in ice cream samples
obtained in this study. Dashed line represents the limit of detection (LOD) for the schemes as applied for themajority of samples, 0.72 g of products plated indirect plating (LOD, 1.4 CFU/g)
and the 3-5-8-8 MPN scheme (3 × 10 g, 5 × 1 g, 8 × 0.1 g, 8 × 0.01 g) (LOD, 0.03 MPN/g). Values below these limits were obtained using other schemes.
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direct plating and MPN outcomes obtained in this study. This graph
shows the LOD (0.03 MPN/g for the 3-5-8-8 MPN scheme vs. 1.4 CFU/
g for directly plating 0.72 g of the sample), the discrete nature of the
values, the higher precision (narrower conﬁdence intervals) for MPN
at low levels compared to direct plating, and the lower precision
(wider conﬁdence intervals) for MPN at high levels compared to direct
plating. The scatter plot of MPN results vs. direct plating results (Fig. 2)
illustrates the level of agreement between the estimates provided by
these two methods and the relatively high variability of results around
the x= y line (MPNanddirect plating values being equal). AnOLS linear
regression of the logarithm of the MPN results (M, in MPN/g) and the
logarithm of the direct plating results (C, in CFU/g) provided an equa-
tion of log10(C) = 0.70 (±0.016) × log10(M) +0.27 (±0.014). The in-
tercept and slope derived from this analysis were not signiﬁcantly
different when comparing MPN and ALOA direct plating results and
when comparing MPN and RLM direct plating results.Fig. 2. Correlation of direct plating (C) vs.MPN (M) estimates of L.monocytogenes levels in ice cr
The dot-dashed, red line is the result from the ordinary least squares regression analysis (OLS)
prediction interval from the regression. The plain, blue line is the results of the Bayesianmodel a
line represents the limit of detection (LOD) for the direct platingmethod (0.72 g of products pla
the LOD for the 3-5-8-8 MPN scheme (3 × 10 g, 5 × 1 g, 8 × 0.1 g, 8 × 0.01 g, LOD, 0.03 MPN/gWith the exception of the seven MPN outcomes for which all tubes
were positive, we estimated the likelihood to observe the direct plating
outcome (number of colony forming unit from v grams of ice cream, in-
cluding zero) given the MPN outcome (number of positive tubes, from
ni tube of vi grams) obtained for the same sample. Out of the 1723 sam-
ples for which this likelihood could be estimated, 14 (0.8%) samples
showed a direct plating result that was lower than expected
(p b 0.025), and 54 (3.1%) showed a direct plating result thatwas higher
than expected (p b 0.025). The overall proportion of unexpected direct
plating results was thus 3.9%, which is lower than the 5% that would
be expected to be found by chance. These 68 data pairs are listed in Sup-
plemental Table 1. Out of the 54 samples in which the direct plating re-
sult was higher than expected, 49 of them had L. monocytogenes b 10
MPN/g, and 39 of them had L. monocytogenes b 20 CFU/g. The 14 sam-
ples in which the direct plating result was lower than expected had L.
monocytogenes between 11 MPN/g and 98.2 MPN/g (Supplemental
Table 1). Fig. 3 also illustrates those results. Two out of 129 (1.6%) ofeam samples analyzed in this study. The dashed line is the x=y (M andC being equal) line.
, i.e. log10(C) = 0.70 (±0.016) × log10(M) + 0.27 (±0.014). The dotted lines are the 95%
nalysis, i.e. log10(C)= 0.91 (±0.014) × log10(M)+ 0.15 (±0.015). The horizontal dashed
ted, LOD, 1.4 CFU/g) applied for themajority of samples; the vertical dashed line represents
) applied for the majority of samples.
Fig. 3. The probabilistic analysis of the agreement of direct plating vs. MPN estimates of L. monocytogenes levels in ice cream samples analyzed in this study. The radii of the circles are
proportional to the inverse of the log of the probability of occurrence of the direct plating given the MPN outcome (the larger the circle, the lower the probability). Red circles indicate
signiﬁcant departure (b0.025). The line is the x = y line (MPN and direct plating values being equal).
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were unexpected; these proportions were not statistically different
(Fisher-exact test, p= 0.23), suggesting that the accuracy of ALOA di-
rect plating and RLM direct plating estimates were comparable for
these samples. The Bayesian inference model results indicated that the
impact of the direct plating agar (ALOA vs. RLM) was not signiﬁcant
(the credible intervals for parameters a0 and b0 include 0 in model #2,
see appendix for details and Table 1). The ﬁnal model was thus model
#1with log10(C)=0.91 (±0.014)× log10(M)+0.15 (±0.015). This re-
sult indicated that the direct platingmethod estimated a higher concen-
tration than MPN, when the L. monocytogenes concentration in the
sample was low (lower than 46 CFU/g or MPN/g) and a lower value
than the MPN method when the concentration was higher (N47 CFU/g
or MPN/g), at least in the tested domain (0 to 208 MPN/g).4. Discussion
In the present study, paired data of MPN and direct plating from a
large number of naturally contaminated ice cream samples involved in
a listeriosis outbreak were compared. This study is novel for the follow-
ing reasons: 1) we were able to obtain a relatively large number of
paired data points from samples containing low levels of L.
monocytogenes, which improved the reliability and power of statistical
analysis; 2) the samples were naturally contaminated with background
ﬂora and low levels of L. monocytogenes that suffered certain degree of
injury (as discussed below), which were needed for proper evaluation
of agars for direct plating enumeration purpose; 3) a probabilisticTable 1
Results from the Bayesian models.
Model #1a
Mean Standard deviation Quantile 2.5% Quantile 97.5%
a0 0.91 0.014 0.89 0.94
a1
b0 0.15 0.015 0.11 0.17
b1
a Log10(c1)=a0×log10(c2)+b0 where c1 is the concentration of bacteria measured by the di
b Log10(c1 )=(a0+a1×ALOA)×log10(c2)+(b0+b1×ALOA) where ALOA is an indicator varia
and 0 if it was obtained using RAPID'L.mono (RLM) agar.model was used to evaluate the relationship between MPN and the di-
rect plating, which did not introduce bias, unlike OLS linear regression.
Bacterial cell clustering or clumping in food commodities could re-
sult in an underestimate of true levels by MPN (Auvolat and Besse,
2016). Jongenburger et al. (2011) investigated powdered infant formula
contaminated with low levels of Cronobacter spp. and found very het-
erogeneous contamination levels, with presence of cell clusters; and
this resulted in MPN estimates 2 log units lower than the direct plating
estimates for one bag of samples. In the present study, no evidence of
cell clustering was observed. Either there were no cell clusters in these
samples, or the clusters were disrupted during the sample homogeniza-
tion. The ice cream samples weremuch easier to homogenize than solid
foods, e.g., infant formula, and this greatly increased the accuracy of
enumeration.
In this study, a probabilistic method was used to compare the esti-
mates provided byMPN and direct plating enumeration.Whenwe esti-
mated the likelihood to observe the direct plating outcome given the
MPN outcome that was obtained for the same sample, we found that
only 0.8% samples showed a direct plating result that was lower than
expected, and only 3.1% showed a direct plating result that was higher
than expected. The relative likelihood of each reported MPN outcome
was evaluated on the basis of the rarity index as deﬁned by Blodgett
(2010). None of the unexpected results were associated with MPN pat-
terns with a low rarity index (b0.01), suggesting that the MPN dilution
procedure was adequate. Very low likelihood (probability b 1.0E-03)
was observed in 10 samples, all yielding higher direct plating estimates
thanMPN estimates, which could then be explained by possible insufﬁ-
cient homogenization prior to analyses. Overall, this low proportion ofModel #2b
Mean Standard deviation Quantile 2.5% Quantile 97.5%
0.91 0.016 0.88 0.95
1.82 × 10−5 0.047 −0.091 0.094
0.14 0.016 0.11 0.18
−0.0093 0.050 −0.11 0.089
rect plating method and c2 is the concentration of bacteria measured by the MPNmethod.
ble with value 1 if the result was obtained using agar Listeria Ottaviani and Agosti (ALOA)
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MPN outcome and the direct plating outcome. Contrary to the OLS
method, this probabilisticmethod is able to take into accountmost sam-
ples, including the ones with a direct plating result of 0 or no positive
tube in any MPN dilutions. Additionally, this method is an exact test
that does not use any other assumption than those used to calculate
the direct plating result and the MPN result (i.e. a Poisson distribution
of the bacteria at different dilutions and a certain growth of each bacte-
rium in the culture media).
The Bayesian model describing the relationship between the direct
plating and MPN estimates indicated also that the two methods were
in good correlation. This model considered all samples. While not pro-
viding identical results, the analysis indicated only small statistical dif-
ferences in the estimates from the two methods; e.g., slope of linear
inferencemodel is 0.91 (±0.014) as comparedwith 1.00. In the concen-
tration range for which both methods can provide estimates, the
Bayesian model predicted that, on average, the direct plating result
would be 1.4 CFU/g for a MPN result of 1.0 MPN/g and, on average, the
direct plating result would be 175 CFU/g for a MPN result of 200 MPN/
g. Such small differences could only be identiﬁed in a study with such
a large number of data points that had a very high statistical power of
the analysis, but may not be of practical importance. In contrast, the
OLS linear regression analysis indicated that the agreement between es-
timates from the two methods was much worse (e.g., slope of regres-
sion line was 0.70 (±0.016)). The OLS linear regression model
predicted that, on average, the direct plating result would be 1.4 CFU/
g for aMPN result of 0.7MPN/g and, on average, the direct plating result
would be 76CFU/g for aMPN result of 200MPN/g. As stated in the intro-
duction and method sections, a number of assumptions necessary for
the OLS linear regression analysis were not fulﬁlled and non-randomly
censored data cannot be included; together, these limitations intro-
duced bias into the analysis. As a result, this type of analysis is not ap-
propriate when comparing estimates from direct plating and MPN,
notably at low levels of contamination; and our comparison of OLS lin-
ear regression and probabilistic based model using the same dataset
provides insight to this.
Even though direct plating had lower precision relative to MPN at
low levels, the agreement between MPN and direct plating schemes
used in the present study suggest that direct plating can be explored
for enumerating low levels of L. monocytogenes for practical reasons.
The ability to homogenize ice cream samples with no dilutions im-
proved the sensitivity and precision of direct plating. In addition, ice
cream samples were viscous and could stay out of the edge of the agar
plates. Therefore, as much as 400 μl undiluted ice cream could be evenly
spread onto each plate with the help of an automatic spiral plater. Re-
cently, plating as much as 2 g of undiluted milkshakes every hour
allowed relative precise determination of the lag phase durations of L.
monocytogenes in milkshakes, 76.7% of which contained initial contam-
ination levels ≤5 CFU/g (Chen et al., 2016a).
The comparison of MPN and direct plating also provided an evalua-
tion of the agars we used for direct plating. Even thoughmany agars are
designed to be very sensitive and speciﬁc, background ﬂora and suble-
thally injured L. monocytogenes in many food samples pose a special
challenge for direct plating, because there is no selective enrichment
step that helps to recover injured cells and to increase the target to
background ratio. Previous studies (Johansson, 1998; Martin et al.,
2004) demonstrated that esculin based Listeria agars were not suitable
for direct plating of food samples that had high level of background
ﬂora. In the present study, we initially explored the use of esculin
based agars such as PALCAM and modiﬁed oxford agar. Even though
the interference of background ﬂora was less than what we observed
when analyzing stone fruits (Chen et al., 2016b), cantaloupe rinds and
certain cheese products (unpublished data), it still made the plate
counting very difﬁcult. Competing ﬂora were also observed on ALOA
and RLM plates, but they did not interfere with the plate counting. The
agreement between MPN and direct plating showed that the RLM andALOA agars provided satisfactory selectivity. The long lag phase (9 h)
of L. monocytogenes in milkshakes prepared from these ice cream prod-
ucts and stored at 22.5 °C (Chen et al., 2016a) suggested that L.
monocytogenes in these samples suffered certain degree of injury. In
the present study, we showed that any possible cell injury did not
cause the RLM or ALOA agars to underestimate the levels of L.
monocytogenes.
In summary, paired enumeration data fromMPN and direct plating,
primarily using RLM agar, and some using ALOA agar, were obtained
from ice cream samples naturally contaminated with background ﬂora
and low levels of L. monocytogenes. Probabilistic analyses demonstrated
that our MPN schemes and direct plating schemes using RLM or ALOA
provided similar estimates of L. monocytogenes levels in these samples
where both methods were applicable. OLS linear regression analyses,
which have been used by others to examine this comparison, were
shown to introduce bias and provide an inaccurate description of the re-
lationship between MPN and direct plating estimates. The applicability
and accuracy of enumeration methods to a set of samples depend on
the level of L. monocytogenes in the samples, the physiological status
of the bacteria, the selectivity of the agar, the level and variety of back-
ground ﬂora, and the direct plating and MPN schemes. Different food
matrices may require different sample dilution and plating schemes,
thereby affecting the LOD, accuracy and precision of direct plating enu-
meration. In general, MPN is preferred if the level of L. monocytogenes in
the sample is expected to be low, as the LOD is generally lower and pre-
cision is usually higher. This held true in the present study, where MPN
was more precise than direct plating for the majority of samples for
which the levels of L. monocytogeneswere low. However, the agreement
between estimates by both methods in the applicable concentration
range indicates that sensitive direct plating schemes can also be
explored for samples containing low levels of L. monocytogenes.
When data from both methods are available, more robust estimates of
the cell levels may be obtained by including both sets of data in the
analysis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijfoodmicro.2016.09.021.
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Appendix A Probability to observe the direct plating outcome given
the MPN outcome
For a given sample, we evaluate the probability to observe y or fewer
colony forming units from g grams of product, given that we observed
x = {xi} positive tube out of n = {ni} serial dilution analysis from i
tubes of volume v= {vi}. We have f(y |x)= ∫0∞ f(y |c)f(c |x)dc, where c is
the actual (unknown) concentration of bacteria in the sample.
The Poisson distributed plate count observation has conditional
probability distribution f ðyjcÞ ¼ ðcgÞye−cgy! . The distribution of the true bac-
terial distribution for an observed pattern x using Jeffreys' scale
21Y. Chen et al. / International Journal of Food Microbiology 241 (2017) 15–22invariant prior distribution is f ðcjxÞ∝ f ðxjcÞ f ðcÞ∝c−1=2∏mi¼1 ðe−cvi Þðni−xiÞ
ð1−e−cvi Þxi (GroneWold and Wolpert, 2008).
We evaluated pðYjxÞ ¼∑y¼Y0 f ðyjxÞ, if the direct plating result was
lower than the MPN or pðY jxÞ ¼∑∞y¼Y f ðyjxÞ when the direct plating
was higher than the MPN. If p(Y |x)b0.025, the outcome of the plate
count was deemed improbable given the MPN outcome.
Bayesian analysis
In order to test the relationship between c1 and c2, we evaluated a
model (model #1) log10(c1)=a0×log10(c2)+b0 in a Bayesian frame-
work. The model uses uninformative priors. The whole model is writ-
ten: c2j~LogNormal(0, .1−2); yj~Poisson(vjc1j); xij~Binomial(nij,1−
exp(−vij c2j)); a0~Normal(0, .1−2); b0~Normal(0, .1−2)
A second model (model #2), log10(c1)=(a0+a1×ALOA)×
log10(c2)+(b0+b1×ALOA), where ALOA is an indicator variable
with value 1 if the results was obtained using an ALOA method
and 0 if it was a RLM method was tested to evaluate the impact
of themicrobiological method on the results. For this speciﬁc model a1-
~Normal(0, .1−2); b1~Normal(0, .1−2), were used as additional priors.
References
Augustin, J.C., Brouillaud-Delattre, A., Rosso, L., Carlier, V., 2000. Signiﬁcance of inoculum
size in the lag time of Listeria monocytogenes. Appl. Environ. Microbiol. 66,
1706–1710.
Auvolat, A., Besse, N.G., 2016. The challenge of enumerating Listeria monocytogenes in
food. Food Microbiol. 53, 135–149.
Back, K.H., Kim, S.O., Park, K.H., Chung, M.S., Kang, D.H., 2012. Spray method for recovery
of heat-injured Salmonella Typhimurium and Listeria monocytogenes. J. Food Prot. 75,
1867–1872.
Baranyi, J., 1998. Comparison of stochastic and deterministic concepts of bacterial lag.
J. Theor. Biol. 192, 403–408.
Baudouin, N., Lombard, B., Audinet, N., Besse, N.G., 2010. Enumeration of Listeria
monocytogenes at low contamination levels in several food matrices using a mem-
brane ﬁltration method. Food Anal. Methods 3, 54–64.
Berry, E.D., Wells, J.E., 2008. A direct plating method for estimating populations of
Escherichia coli O157 in bovine manure and manure-based materials. J. Food Prot.
71, 2233–2238.
Besse, N.G., Barre, L., Buhariwalla, C., Vignaud, M.L., Khamissi, E., Decourseulles, E.,
Nirsimloo, M., Chelly, M., Kalmokoff, M., 2010. The overgrowth of Listeria
monocytogenes by other Listeria spp. in food samples undergoing enrichment cultiva-
tion has a nutritional basis. Int. J. Food Microbiol. 136, 345–351.
Beumer, R.R., Hazeleger, W.C., 2007. Chromogenic media for the detection and/or enu-
meration of Listeria monocytogenes - results of trials performed by a working group
of the International Organization for Standardization - ISO/TC 34/SC 9. Arch. Food
Hyg. 58, 47–50.
Blodgett, R.J., 2010. Does a serial dilution experiment's model agree with its outcome?
Model assist. Stat. Appl. 5, 209–215.
Buchanan, R.L., Stahl, H.G., Bencivengo, M.M., Del Corral, F., 1989. Comparison of lithium
chloride-phenylethanol-moxalactam andmodiﬁed Vogel Johnson agars for detection
of Listeria spp. in retail-level meats, poultry, and seafood. Appl. Environ. Microbiol. 55,
599–603.
Capita, R., Alonso-Calleja, C., 2003. Comparison of different most-probable-number
methods for enumeration of Listeria in poultry. J. Food Prot. 66, 65–71.
Cartwright, E.J., Jackson, K.A., Johnson, S.D., Graves, L.M., Silk, B.J., Mahon, B.E., 2013. Liste-
riosis outbreaks and associated food vehicles, United States, 1998–2008. Emerg. In-
fect. Dis. 19, 1–9 quiz 184.
Centers for Disease Control and Prevention, 2014. Multistate Outbreak of Listeriosis
Linked to Roos Foods Dairy Products (Final Update) http://www.cdc.gov/listeria/
outbreaks/cheese-02-14/. Accessed July 8th 2016.
Centers for Disease Control and Prevention, 2015a. Multistate Outbreak of
Listeriosis Linked to Blue Bell Creameries Products (Final Update). http://www.cdc.
gov/listeria/outbreaks/ice-cream-03-15/index.html. Accessed July 8th 2016.
Centers for Disease Control and Prevention, 2015b. Multistate Outbreak of Listeriosis
Linked to Commercially Produced, Prepackaged Caramel Apples Made From Bidart
Bros. Apples (Final Update) http://www.cdc.gov/listeria/outbreaks/caramel-apples-
12-14/. Accessed July 8th 2016.
Chen, Y., Allard, E., Wooten, A., Hur, M., Sheth, I., Laasri, A., Hammack, T.S., Macarisin, D.,
2016a. Recovery and growth potential of Listeria monocytogenes in temperature
abused milkshakes prepared from naturally contaminated ice cream linked to a liste-
riosis outbreak. Front. Microbiol. 7, 764.
Chen, Y., Burall, L.S., Luo, Y., Timme, R., Melka, D., Muruvanda, T., Payne, J., Wang, C.,
Kastanis, G., Laasri, A., De Jesus, A.J., Curry, P.E., Stones, R., Kaluoch, O., Liu, E., Salter,
M., Hammack, T.S., Evans, P.S., Parish, M., Allard, M.W., Datta, A., Strain, E.A., Brown,
E.W., 2016b. Isolation, enumeration and whole genome sequencing of Listeria
monocytogenes in stone fruits linked to a multistate outbreak. Appl. Environ.Microbiol. http://dx.doi.org/10.1128/AEM.01486-16 (Accepted manuscript posted
online September).
Chenu, J.W., Pavic, A., Cox, J.M., 2013. A novel miniaturized most probable number meth-
od for the enumeration of Campylobacter spp. from poultry-associated matrices.
J. Microbiol. Methods 93, 12–19.
Cochran, W.G., 1950. Estimation of bacterial densities by means of the “most probable
number”. Biometrics 6, 105–116.
Dalgaard, P., Ross, T., Kamperman, L., Neumeyer, K., McMeekin, T.A., 1994. Estimation of
bacterial growth rates from turbidimetric and viable count data. Int. J. FoodMicrobiol.
23, 391–404.
Duffy, G., Sheridan, J.J., Buchanan, R.L., McDowell, D.A., Blair, I.S., 1994. The effect of aera-
tion, initial inoculum and meat microﬂora on the growth kinetics of Listeria
monocytogenes in selective enrichment broths. Food Microbiol. 11, 429–438.
European Commission, 2005. Commission regulation (EC) No. 2073/2005 of 15 Novem-
ber 2005 on microbiological criteria for foodstuffs. Off. J. Eur. Union L338, 1.
European Food Safety Authority, 2012. The European Union summary report on trends
and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2010. Eur.
Food Saf. Auth. J. 10, 2597.
European Food Safety Authority, 2014. The European Union summary report on trends
and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2012. Eur.
Food Saf. Auth. J. 12, 3547.
Fisher, R.A., 1921. On the mathematical foundations of theoretical statistics. Philos. Trans.
R. Soc. Lond. A222, 309–368.
Gay, M., Cerf, O., Davey, K.R., 1996. Signiﬁcance of pre-incubation temperature and inoc-
ulum concentration on subsequent growth of Listeria monocytogenes at 14 degrees C.
J. Appl. Bacteriol. 81, 433–438.
Gooch, J.A., DePaola, A., Kaysner, C.A., Marshall, D.L., 2001. Evaluation of two direct plating
methods using nonradioactive probes for enumeration of Vibrio parahaemolyticus in
oysters. Appl. Environ. Microbiol. 67, 721–724.
GroneWold, A.D., Wolpert, R.L., 2008. Modeling the relationship between most probable
number (MPN) and colony-forming unit (CFU) estimates of fecal coliform concentra-
tion. Water Res. 42, 3327–3334.
Hitchins, A.D., Jinneman, K., Chen, Y., 2016. Food and Drug Administration Bacteriological
Analytical Manual Chapter 10, Detection and enumeration of Listeria monocytogenes
in foods. http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/
ucm071400.htm. Accessed, July 8th, 2016.
Huang, J., Luo, Y., Nou, X., 2015. Growth of Salmonella enterica and Listeria monocytogenes
on fresh-cut cantaloupe under different temperature abuse scenarios. J. Food Prot. 78,
1125–1131.
Hurley, M.A., Roscoe, M.E., 1983. Automated statistical analysis of microbial enumeration
by dilution series. J. Appl. Bacteriol. 55, 159–164.
International Standard Organization, 2013. Microbiology of Food and Animal Feeding
Stuffs — General Requirements and Guidance for Microbiological Examinations. In-
ternational Standard EN ISO 7218.
Jackson, B.R., Salter, M., Tarr, C., Conrad, A., Harvey, E., Steinbock, L., Saupe, A., Sorenson, A.,
Katz, L., Stroika, S., Jackson, K.A., Carleton, H., Kucerova, Z., Melka, D., Strain, E., Parish,
M., Mody, R.K., 2015. Notes from the ﬁeld: listeriosis associated with stone
fruit—United States, 2014. Morb. Mortal. Wkly Rep. 64, 282–283.
Jantzen, M.M., Navas, J., de Paz, M., Rodriguez, B., da Silva, W.P., Nunez, M., Martinez-
Suarez, J.V., 2006. Evaluation of ALOA plating medium for its suitability to recover
high pressure-injured Listeria monocytogenes from ground chicken meat. Lett. Appl.
Microbiol. 43, 313–317.
Jasson, V., Jacxsens, L., Luning, P., Rajkovic, A., Uyttendaele, M., 2010. Alternative mi-
crobial methods: an overview and selection criteria. Food Microbiol. 27,
710–730.
Johansson, T., 1998. Enhanced detection and enumeration of Listeria monocytogenes from
foodstuffs and food-processing environments. Int. J. Food Microbiol. 40, 77–85.
Jongenburger, I., Reij, M.W., Boer, E.P., Gorris, L.G.M., Zwietering, M.H., 2011. Actual
distribution of Cronobacter spp. in industrial batches of powdered infant formula
and consequences for performance of sampling strategies. Int. J. Food Microbiol.
151, 62–69.
Lachica, R.V., 1990. Selective plating medium for quantitative recovery of food-borne
Listeria monocytogenes. Appl. Environ. Microbiol. 56, 167–169.
Lavieri, N.A., Sebranek, J.G., Cordray, J.C., Dickson, J.S., Jung, S., Manu, D.K., Mendonca, A.F.,
Brehm-Stecher, B.F., Stock, J., Stalder, K.J., 2014. Evaluation of the thin agar layer
method for the recovery of pressure-injured and heat-injured Listeria monocytogenes.
J. Food Prot. 77, 828–831.
Lin, C.M., Zhang, L., Doyle, M.P., Swaminathan, B., 2006. Comparison of media and sam-
pling locations for isolation of Listeria monocytogenes in queso fresco cheese. J. Food
Prot. 69, 2151–2156.
Line, J.E., Stern, N.J., Lattuada, C.P., Benson, S.T., 2001. Comparison of methods for recovery
and enumeration of Campylobacter from freshly processed broilers. J. Food Prot. 64,
982–986.
Line, J.E., Stern, N.J., Oakley, B.B., Seal, B.S., 2011. Comparison of an automated most-prob-
able-number technique with traditional plating methods for estimating populations
of total aerobes, coliforms, and Escherichia coli associated with freshly processed
broiler chickens. J. Food Prot. 74, 1558–1563.
Loncarevic, S., Okland, M., Sehic, E., Norli, H.S., Johansson, T., 2008. Validation of NMKL
method no. 136—Listeria monocytogenes, detection and enumeration in foods and
feed. Int. J. Food Microbiol. 124, 154–163.
Luo, K., Hong, S.S., Oh, D.H., 2015. Modeling the effect of storage temperatures on the
growth of Listeria monocytogenes on ready-to-eat ham and sausage. J. Food Prot. 78,
1675–1681.
Macarisin, D., Patel, J., Bauchan, G., Giron, J.A., Ravishankar, S., 2013. Effect of spinach cul-
tivar and bacterial adherence factors on survival of Escherichia coli O157:H7 on spin-
ach leaves. J. Food Prot. 76, 1829–1837.
22 Y. Chen et al. / International Journal of Food Microbiology 241 (2017) 15–22Martin, B., Jofre, A., Garriga, M., Hugas, M., Aymerich, T., 2004. Quantiﬁcation of Listeria
monocytogenes in fermented sausages by MPN-PCR method. Lett. Appl. Microbiol.
39, 290–295.
Matthews, D.E., 2005. Linear regression, simple. Encyclopedia of Biostatistics 4. John
Wiley & Sons, Hoboken, NJ.
McCollum, J.T., Cronquist, A.B., Silk, B.J., Jackson, K.A., O'Connor, K.A., Cosgrove, S., Gossack,
J.P., Parachini, S.S., Jain, N.S., Ettestad, P., Ibraheem, M., Cantu, V., Joshi, M., DuVernoy,
T., Fogg Jr., N.W., Gorny, J.R., Mogen, K.M., Spires, C., Teitell, P., Joseph, L.A., Tarr, C.L.,
Imanishi, M., Neil, K.P., Tauxe, R.V., Mahon, B.E., 2013. Multistate outbreak of listerio-
sis associated with cantaloupe. N. Engl. J. Med. 369, 944–953.
Panagou, E.Z., Nychas, G.J., 2008. Dynamic modeling of Listeria monocytogenes growth in
pasteurized vanilla cream after postprocessing contamination. J. Food Prot. 71,
1828–1834.
Schvartzman, M.S., Gonzalez-Barron, U., Butler, F., Jordan, K., 2014. Modeling the growth
of Listeria monocytogenes on the surface of smear- or mold-ripened cheese. Front. Cell
Infect. Microbiol. 4, 90.Stephens, T.P., Loneragan, G.H., Chaney, W.E., Branham, L.A., Brashears, M.M., 2007. Devel-
opment and validation of a most-probable-number immunomagnetic separation
methodology of enumerating Escherichia coli O157 in cattle feces. J. Food Prot. 70,
1072–1075.
Weisberg, S., 2005. Applied Linear Regression. third ed. John Wiley & Sons, Hoboken, NJ.
Xanthiakos, K., Simos, D., Angelidis, A.S., Nychas, G.J., Koutsoumanis, K., 2006. Dynamic
modeling of Listeria monocytogenes growth in pasteurized milk. J. Appl. Microbiol.
100, 1289–1298.
Yan, Z., Gurtler, J.B., Kornacki, J.L., 2006. A solid agar overlay method for recovery of heat-
injured Listeria monocytogenes. J. Food Prot. 69, 428–431.
Yu, L.S., Fung, D.Y., 1993. Five-tube most-probable-number method using the Fung-Yu
tube for enumeration of Listeria monocytogenes in restructured meat products during
refrigerated storage. Int. J. Food Microbiol. 18, 97–106.
